ABSTRACT -Context -Hepatocyte transplantation is an attractive therapeutic modality for liver disease as an alternative for orthotopic liver transplantation. Objective -The aim of the current study was to investigate the feasibility of freshly isolated rat hepatocyte transplantation in acetaminophen-induced hepatotoxicity model. Methods -Hepatocytes were isolated from male Wistar rats and transplanted 24 hours after acetaminophen administration in female recipients. Female rats received either 1x10 7 hepatocytes or phosphate buffered saline through the portal vein or into the spleen and were sacrificed after 48 hours. Results -Alanine aminotransferase levels measured within the experiment did not differ between groups at any time point. Molecular analysis and histology showed presence of hepatocytes in liver of transplanted animals injected either through portal vein or spleen. Conclusion -These data demonstrate the feasibility and efficacy of hepatocyte transplantation in the liver or spleen in a mild acetaminophen-induced hepatotoxicity model. HEADINGS -Hepatocytes, transplantation. Acetaminophen. Drug-induced liver injury. Rats.
INTRODUCTION
Orthotopic liver transplantation (OLT) has emerged as an effective treatment for acute liver failure (ALF) and end-stage liver disease. However, wider application of this therapy is limited primarily by lack of donors. Therefore other liver support systems, such as extracorporeal systems and cellular therapy are under evaluation (18, 19, 24) . Hepatocyte transplantation has been used as a treatment for liver-based metabolic diseases such as Crigler-Najjar syndrome type I (7) , glycogen storage disease type 1a (15) , urea cycle defects (9, 14) and congenital deficiency of coagulation factor VII (5) . For ALF, hepatocyte transplantation can be used to bridge patients to whole-organ transplantation, decreasing mortality and avoiding the risks of undertaking a major surgery (6, 17) . Up to a maximum of 5% of normal liver mass can be transplanted into the splenic artery or the portal vein, leading to a reduction in ammonia, bilirubin levels and improvement in hepatic encephalopathy (27) . Acetaminophen (APAP) toxicity is the leading cause of ALF in the United States and United Kingdom, accounting for 46% and 70% of cases, respec-tively (12, 24) . The mechanism of liver toxicity is well established. The saturation of the normal metabolic pathway to cytochrome P450 metabolism leads to the excessive formation of highly reactive intermediate N-acetyl-p-benzoquinone imine (NAPQI). At therapeutic doses, NAPQI is efficiently detoxified by gluthatione (GSH). In overdose, conjugation of NAPQI with GSH leads to GSH depletion, and NAPQI covalently binds to cysteine residue in proteins to form APAP adducts. These protein adducts are formed from highly reactive species of superoxide and nitric oxide and that increases the permeability of mitochondrial membrane with release of superoxide of the mitochondria, a lethal event for the cell (11, 21) . In the present study, the feasibility of freshly isolated rat hepatocyte transplantation in APAP-induced hepatotoxicity model either injected through the portal vein or into the spleen was investigated.
METHODS

Animals
Male and female Wistar rats at least 8-week-old were kept at Experimental Animal Unit of Research Center of Hospital de Clínicas de Porto Alegre (UEA-HC-PA), Porto Alegre, RS, Brazil, under controlled temperature (between 18ºC and 22ºC) in 12-h light-dark cycle. Rats were given standard laboratory rodent chow and water ad libitum. Male rats were used as hepatocyte donors and female rats were used as recipients.
This study was approved by Research and Ethics Committee of HCPA and all procedures were in accordance with Brazilian Law 11794 and Act 6899 of July 15, 2009 , that encompasses Brazilian regulation regarding the use of animals for scientific research.
APAP-induced hepatotoxicity model
The APAP-induced hepatotoxicity model was adapted from Salam et al. (24) . An oral solution of APAP at 200 mg/ mL concentration (Medley, Brazil) was administered in a single dose of 1 g/kg via intraperitoneal injection in female rats weighing 200-350 g. Four days before the intraperitoneal injection, animals received phenobarbital (Fenocrisis 4%, Brazil) at 350 mg/L in drinking water to induce cytochrome P-450 enzymes to potentiate subsequent APAP-toxicity (2) . Phenobarbital was offered until the last day of the study (day 3). Animals were euthanized at day 3 after APAP administration.
Hepatocyte isolation
Hepatocytes were isolated from male rats weighing 350-500 g by perfusion of liver with modified two-step collagenase technique (25) . In the first step, portal vein was cannulated and inferior vena cava was opened to remove blood with HBSS medium without calcium, magnesium and phenol red (LGC Biotecnologia, Brazil) and EDTA (Nuclear, Brazil) with a 700 mL/h flow controlled by pump infusion. In the second step, superior vena cava was cannulated and inferior vena cava was clamped for perfusion with HBSS medium, 1 M calcium chloride (Vetec, Brazil) and type II collagenase 2% (Gibco, Invitrogen Corporation, USA). Penicillin/streptomycin 1% (Gibco, Invitrogen, USA) was added to all of the above solutions.
Liver fragments obtained were kept in HBSS medium and 10% antibiotics and taken to a laminar flow hood. The fragments were transferred to vials with HBSS medium and decreasing 5% to 2% antibiotics solution. Liver sections were minced and the cell suspension was passed through a gauze mesh, centrifuged 3 times at 800 rpm for 5 minutes and washed in HBSS medium 3 times. In the last washing, hepatocytes were resuspended in phosphate buffered saline (PBS), (Laborclin, Brazil) and cell viability was determined by trypan's blue exclusion.
In a subgroup of 11 randomly chosen animals, cells were stained prior to injection with DAPI (4', 6-diamidino-2-phenylindole, Roche Mannheim, Germany) 2.7 mg/mL to assess the migration pattern of donor hepatocytes according to the different sites of injection (portal vein or spleen) (3) .
Hepatocyte transplantation
Hepatocytes (1x10 7 ) were administered 24 hours after APAP-induced hepatotoxicity in female rats. Animals were anesthetized with 50 mg/kg of ketamine (Dopalen, Vetbrands, Brazil) and 20 mg/kg of xilazine (Virbaxyl 2%, Virbac, Brazil) intraperitoneally.
Forty-four female rats were separated in four groups: group PV-H received hepatocyte transplantation through the portal vein (n = 8), group PV-PBS received PBS through the portal vein (n = 15), group SPL-H received hepatocyte transplantation into the spleen (n = 12), and group SPL-PBS received PBS into the spleen (n = 9). In animals that received the injection into the portal vein, a longitudinal 3 cm abdominal incision was performed, and a volume of 1 mL of PBS (containing or not 1x10 7 hepatocytes) was slowly injected into the portal vein. Gelfoam (Cuntanplast, Mascia Brunelli Spa, Milano, Italy) was applied to the site of injection in order to avoid bleeding. In animals that received injection into the spleen, a vertical 2 cm abdominal incision below left costal edge was performed and the spleen was exposed. A volume of 1 mL of PBS (containing or not-hepatocytes) was slowly injected into the spleen pulp. Rats were sutured in layers with polyglactine 4-0 (Vycril Ethicon, São Paulo, Brazil) and in the skin with mononylon 4-0 (Monocryl Ethicon, São Paulo, Brazil). Animals recovered in the cage.
Biochemistry
Blood was collected at time point 0 (before APAP adminis tration), and at days 1 and 3 after APAP administration through retrorbital punction under anesthesia. Samples for alanine aminotransferase (ALT) were centrifuged at 4000 rpm for 5 minutes, and stored at -20°C. ALT was measured using ultraviolet enzyme method at Roche/Hitachi ACN 685E equipment.
Histology
Animals that survived until day 3 were sacrificed in CO 2 chamber. Liver and spleen samples were collected and placed in 10% buffered formalin solution for 24 hours. Unstained paraffin embedded sections were observed under fluorescent microscopy and the number of DAPI-positive cells was counted in 100 high power fields. In addition, spleen slides were stained with H-E to visualize injected hepatocytes.
Molecular analysis
To detect the presence of donor cells, DNA was extracted with Trizol (Invitrogen, USA) from liver and spleen samples and PCR for Sry gene was performed using the following primers at 50 o C (for 5' AAGCGCCCCATGAATGCATT 3', rev 5' CAGCTGCTTGCTGATCTCTG 3'). PCR products were visualized in 1.5% agarose gels stained with ethidium bromide (1) . In a subgroup of eight animals from group SPL-H spleen samples were snap-frozen in liquid nitrogen and stored at -80 o C to perform reverse-transcriptase polymerase chain reaction (RT-PCR) for albumin expression. Total RNA was extracted using a commercial kit (Easy RNA, Qiagen, Germany) following the manufacturer's instructions. Conversion to cDNA was performed using Superscript II (Invitrogen, USA) from 3 g of RNA. RT-PCR was performed using the following primers at 42 o C for 40 cycles (for 5' TTGTAT-GAATATGCAAGAAG 3', rev 5' CACTCTTCCCAG-GTTTCTTG 3'). PCR products were visualized in 1.5% agarose gel stained with ethidium bromide. RNA extracted from liver samples was used as positive control.
Gapdh was used as positive internal control both for RT-PCR and PCR reactions. Primers for Gapdh were: for 5' CAGCAATGCATCCTGCAC 3', rev 5' GAGTTGCTGTT-GAAGTCACAGG 3').
Statistics
Statistics was performed using SPSS 12.0 (Statistical Package for Social Science). ALT levels were expressed as the median ± quartiles. Differences in ALT levels were assessed using Friedman's test.
RESULTS
APAP-induced hepatotoxicity model
At day 1, ALT levels increased with statistical significance in all 44 animals by Friedman's test (P<0.0001). At day 3, ALT levels returned to basal values in all groups, without difference among the groups (Table 1) . Hepatocyte transplantation and survival analysis Hepatocytes were isolated from male Wistar rats' livers weighing from 15 g to 20 g. The number of isolated hepatocytes ranged between 2.54x10 7 cells/mL and 2.22x10 8 cells/ mL. Viability of hepatocytes was >90% by trypan's blue exclusion test, and 1x10 7 hepatocytes were transplanted. Survival analyses showed that 39 animals survived until the end of experiment (day 3). All animals that received hepatocytes (groups PV and SPL) survived until day 3, however five rats that received PBS through the portal vein died, three on day 1 and two on day 2.
Histology
The presence of transplanted cells was determined by DAPI-staining prior to injection. The number of DAPI-positive hepatocytes in the liver of animals injected through the portal vein ranged from 12 to 130, with a mean of 61.2 ± 44.6 stained cells per animal. In animals injected through the spleen, the number of DAPI-positive hepatocytes in the liver ranged from 0 to 81, with a mean of 50.0 ± 31.8 stained cells per animal. In these animals, the number of DAPI-positive hepatocytes in the spleen ranged from 75 to 414, with a mean of 166.2 ± 127.3 stained cells per animal. The presence of hepatocytes in spleen was also visualized on H-E slides (Figures 1 and 2 ).
Molecular analysis
The engraftment of hepatocytes at day 3 in liver and spleen by PCR analysis for Y-chromosome gene (Sry) in female recipient organs was investigated. Sry was positive in livers or spleens from animals injected through the portal vein or into the spleen.
In order to determine if spleen transplanted hepatocytes remained functional albumin expression was analyzed in the spleen of eight animals from group SPL-H. Albumin expression by RT-PCR was not detected in any animal, although all of them were positive for Gapdh and liver samples used for positive control were also positive.
DISCUSSION
Hepatocyte transplantation presents many advantages over OLT. For instance, cells from a single liver donor can be used by many recipients (8) . In our experience, a male donor rat could provide fresh hepatocytes for at least 10 female recipients. Freshly isolated hepatocytes have been shown to perform better than cryopreserved cells in many studies (4, 10) , and hepatocytes are known to be very sensitive to freezing damage, decreasing their attachment efficiency and engraftment (28) . Therefore, this study aimed to test fresh hepatocyte transplantation in a rat model of APAP-induced hepatotoxicity.
In APAP-induced hepatotoxicity in humans, ALT levels start to increase from day 1, peak at day 3 and start to decrease at day 4 (22) . In our study, animals had the ALT levels peak at day 1, started to decrease at day 2 and had returned to basal values at day 3. Lee et al. (12) , analyzing 1,147 cases of APAP-induced ALF in humans demonstrated that ALT levels are very high (2,138 to 6,731). However, in APAP-induced hepatotoxicity in rats ALT levels are lower in comparison with humans, around of 256.5 ± 11.2 (23) . That finding is similar to our results, 188.5 (116.7-330.7) at day 1, using a single dose of APAP 1g/kg i.p.. Even though, high mortality rates were not observed and no signs of extensive liver damage were seen by ALT or histology on day 3.
Hepatocytes can be transplanted directly into the liver or through the portal vein and in the spleen pulp. Although the optimal site for hepatocyte infusion and settlement has not yet been determined, the liver seems to be the natural home of transplanted hepatocytes (13) . The spleen is currently the most widely used recipient site for hepatocyte infusion because of its accessibility. Although separated from the portal blood flow, donor hepatocytes transplanted into the spleen have been shown to migrate to other organs, particularly to the host liver (26) . Whether the number of engrafted cells in the spleen and their metabolic capacity will be sufficient remains an open question (17) . In this study, the engraftment of hepatocytes in liver and spleen was investigated by PCR analysis for Y-chromosome gene (Sry) in female recipient organs and staining the transplanted cells with DAPI. In all hepatocyte transplantation groups, Sry was positive in liver tissue. This shows that hepatocytes transplanted into the spleen have migrated to the host liver, a finding that is also supported by DAPI-positive hepatocytes in the liver from six animals transplanted into the spleen.
No differences were found in the number of DAPI-positive hepatocytes in the liver of animals injected into the portal vein or into the spleen. This lack of difference in the number of DAPI-positive cells is not easily explained. One would assume that the liver of rats injected through the portal vein would present a greater number of hepatocytes, however some studies suggest that a space for cell engraftment is necessary in the recipient (26) . In this study partial hepatectomy or hepatic irradiation were not performed, and maybe the number of dead cells at the time of injection was not sufficient to create a permissive environment for hepatocyte engraftment. Nevertheless, these animals had some degree of lesion, as hepatocytes did remain in the spleen, and it has been suggested that this is required for the establishment of transplanted hepatocytes in rat spleens (20) . A second point to be considered for spleen hepatocyte injection is whether they remain functioning in the spleen. Shibata et al. (26) showed signals of Y-chromosome detectable in the spleen and spleen-resident hepatocytes expressing albumin 12 weeks after intrasplenic transplantation of freshly isolated hepatocytes in rats. In the data presented here, even though Sry was positive in spleen, albumin expression was not detected in a subgroup of eight animals injected into the spleen. One possible explanation for this finding is that, as fresh hepatocytes have a scattered pattern of distribution within the spleen (26) , when spleen samples were collected for RT-PCR for albumin expression, hepatocytes could have been lost. On the other hand, the hypothesis that hepatocytes in the spleen underwent a dedifferentiation process caused by the loss of intercellular contact with neighbouring host cells, decreasing specific hepatocyte genes transcription (16) , cannot be ruled out.
In conclusion, data presented here shows the feasibility and efficacy of hepatocyte transplantation in the liver or spleen in a mild APAP-induced hepatotoxicity model.
